Effects of ceramics on the microwave dielectric properties of polytetrafluoroethylene (PTFE) composites filled with MgTiO 3 (MTi) and/or MgTa 2 O 6 (MTa) were investigated. The dielectric constant (K), quality factor (Qf), and temperature coefficient of resonant frequency (TCF) of the composites were dependent on the type and volume fraction (V f ) of the ceramics. For the composites mixed with MTa and MTi, the K and TCF values decreased with increasing MTi content. The Qf values of the composites were affected by relative density. The measured K values of the composites were compared with those predicted by several theoretical models. Good microwave dielectric properties with values of K =3.6, Qf = 7,788 GHz, and TCF = −0.19 ppm/ o C were obtained for the composites with 0.1 V f ceramics (mixed 0.025MTa and 0.075MTi).
Introduction
ecently, ceramic / polymer composites consisting of ceramic particles in a polymer matrix have been widely studied for microwave substrate and electronic packaging applications, because they combine the good dielectric properties of ceramics and the chemical stability, mechanical flexibility, and processing possibility of polymers. 1, 2) For the better performance of electronic devices at microwave frequencies, these composites require a low dielectric constant (K) for fast signal speed, high quality factor (Qf) for selective resonant frequencies, and a near zero temperature coefficient of resonant frequency (TCF) for thermal stability. In addition to the dielectric properties of the ceramic filler and polymer matrix, the microwave dielectric properties of the composites depend not only on the type of filler and that of the matrix, but also on how filler and matrix are coupled.
2) This coupling condition is affected by the spatial arrangement of the different ceramic fillers, which had various shapes, sizes, and amounts. It has been reported 3) that MgTa 2 O 6 (MTa) and MgTiO 3 (MTi) were found to be promising candidates for application in microwave devices due to their very high Qf values (MTa = 70,000 GHz, MTi = 140,000 GHz). They showed different values of K (MTa = 30, MTi = 18) and TCF (MTa = 30 ppm/ o C, MTi = −50 ppm/ o C). For the thermal stability of the resonant frequency, near zero TCF can be obtained by the mixture of MTa and MTi. Polytetrafluoroethylene (PTFE) has been extensively used in package and substrate applications due to its very low dielectric constant (K = 2.1), extremely low loss (tanδ = 10 −4 at 1 MHz), easy machinability, and good dimensional stability. 4) Therefore, PTFE composites filled with MTa and MTi, applicable to electronic packages and substrates, should be studied in order to fulfill the diverse requirements of these applications, such as reasonable K, low loss, temperature stability over a wide range, good mechanical and chemical stability, and low temperature processibility. In this study, the effects of ceramic content on the dielectric properties on MTa and/or MTi / PTFE composites were investigated at microwave frequencies. The TCF values of the composites were studied in relation to their thermal stability. Also, several types of theoretical models were employed to predict the effective K of the composites and these predicted values were compared with experimental data.
Experimental Procedures
Ceramic powders of MgTa 2 O 6 (MTa) and MgTiO 3 (MTi) were separately prepared by conventional solid-state reactions from high-purity (99.9%) oxide powders of MgO, Ta 2 O 5 and TiO 2 used as starting materials. To obtain a single phase of the ceramics and the optimal microwave dielectric properties of the composites, the MTa and MTi powders were double calcined at 1100 o C and 1350 o C for 3 h. These calcined powders were milled with ZrO 2 balls for 24 h in ethanol and then dried. 1 µm polytetrafluoroethylene (PTFE) powder was used as the polymer matrix. The very high melt viscosity (> 10 11 Pa s) 5) of PTFE precludes the use of common processing techniques such as melt extrusion and injection moulding. Therefore, the composites were prepared by powder processing. The mixed ceramic / polymer powders were pressed isostatically into 15 mm diameter discs under a pressure of 20 MPa for 1 min. The resulting pellets were heat treated at 300°C for 2 h to prepare the specimens for evaluation of the physical and dielectric properties of the composites. Average particle size of the MTa and MTi powders was measured using a particle size analyzer (Microtrac-S3500, Nikkiso, Japan). The apparent densities of the composites were measured by Archimedes' method and their relative densities were obtained from the theoretical values by the mixing rule.
6) Powder X-ray diffraction (XRD, D/Max-2500V/PC, Rigaku, Japan) was used to determine the crystalline phases of the composites. The microstructures of the composites were observed by scanning electron microscopy (SEM, JSM-6500F, Jeol, Japan). The dielectric constant (K) and unloaded Q value at 9-13 GHz were measured by Hakki and Coleman's method 7) in the TE 011 mode. The temperature coefficient of the resonant frequency (TCF) was measured by the cavity method 
Results and Discussion

Physical Properties
XRD patterns showed that the calcined MgTa 2 O 6 (MTa) and MgTiO 3 (MTi) powders are single phase with tetragonal tri-rutile and trigonal ilmenite structures, respectively. The average particle size of MTi (1.37 µm) was larger than that of MTa (0.71 µm). (Figs. 2(c) -(e)), due to the smaller MTa particles, the MTa / PTFE composites had interfacial areas between the ceramic and the polymer that were larger than those of the mixed MTa and MTi / PTFE and/or MTi / PTFE composites. These results induced the formation of pores and the agglomeration of ceramic particles, as shown in the composite with 0.5 V f MTa (Fig. 2(c) ) and the mixed composites containing 0.25 V f MTa and 0.25 V f MTi (Fig. 2(d) ). Fig. 3 shows apparent and relative densities of MTa and/ or MTi / PTFE composites with various V f ceramics. The apparent densities of the MTa and/or MTi / PTFE composites increased with ceramic content. For the composites with the same quantity of ceramics, the apparent density of the MTa / PTFE composites was larger than that of the MTi / PTFE composites. The apparent densities of the mixed MTa and MTi / PTFE composites decreased with increasing MTi content at a given ceramic content. These results are due to the differences in apparent density between the individual components (MTa = 7.816 g/cm
). With increasing ceramic content, the relative density of the MTa / PTFE composites increased up to 0.3 V f , and then decreased due to the formation of interface pores ( Fig. 2(c) ). However, the relative density of the MTi / PTFE composites did not remarkably change with the ceramic content. For the composites mixed with MTa and MTi, the relative densities of the composites with 0.1 V f and/ or 0.3 V f ceramics decreased, while those of the composites with 0.5 V f ceramics increased with increasing MTi content. These results could be explained in that the relative densities of the composites with 0.1 V f and/or 0.3 V f ceramics depended more on the density of the individual components than on the interactions between the ceramic particles, because these composites had 0-3 connectivity (a threedimensionally connected polymer phase was loaded with isolated ceramic particles) and homogeneous distribution of ceramic fillers. However, the relative density of the composites with 0.5 V f ceramics was affected by the agglomeration and size of the ceramic particles, and by the pores that formed due to the connectivity and interactions between the ceramic particles, which pores can cause a dielectric loss in composites. Fig. 4 shows the dielectric constant (K) of MTa and/or MTi / PTFE composites with various V f ceramics. With increasing ceramic content, the K of the MTa and/or MTi / PTFE composites increased. The MTa / PTFE composites showed a value of K higher than that of the MTi / PTFE composites at a given ceramic content. For the mixed MTa and MTi / PTFE composites with same the quantity of ceramics, K decreased with increasing MTi content. These results are due to the differences in K between the individual components (MTa = 30, MTi = 18, PTFE = 2.81). Compared to the composites with 0.1 V f ceramics, the composites with 0.3 V f ceramics showed a remarkable increase of K, which could be attributed to the apparent density of the composites (Fig. 3(a) ).
Microwave dielectric properties
Prediction of a suitable effective K value of the composites is important for the effective design of ceramic / polymer composites applicable to electronic packages and substrates. In general, the effective K of composites can be predicted by the comparison of experimental data and theoretical models calculated from K and V f of each component. As can be seen in Fig. 5 , experimentally determined K values of the composites were compared with those predicted by several theoretical models (such as those of Maxwell-Garnett, 9) Lichtenecker,
10)
Bruggeman, 11) Jayasundere-Smith, 12) Poon-Shin 13) , and the Effective Medium Theory (EMT)
). The Maxwell-Garnet, Lichtenecker, and Bruggeman models are composed of simple analysis of the values of V f and K of the individual components.
9-11) The Jayasundere-Smith and Poon-Shin models consider the spherical shape of the filler and the displacement field that is experienced by a single particulate, respectively. 12, 13) The EMT model includes the concept of a random unit cell (defined as a core of a filler surrounded by a shell of the host matrix) and a fitting parameter of n (morphology factor) to describe the composite microstructure, in which many fillers of various shapes and sizes are distributed randomly. 10) Although all the predicted K values were fitted well with the experimental results at lower ceramic content (up to 0.1 V f ), the differences between experimental and predicted K values increased with the ceramic content. These results are due to the imperfect dispersion of ceramic particles at higher ceramic content and also to the interface pores enclosed in the composites.
2) The Maxwell-Garnet,
Lichtenecker and Bruggeman equations were not suitable for predicting the K of MTa and/or MTi / PTFE composites because those methods did not consider the interface interaction (interfacial polarization, porosity, and adhesion) between the ceramic filler and the polymer matrix. Also, the experimental K values of the composites were not fitted with those predicted by the Jayasundere-Smith and PoonShin models. These results are due to the fact that the fillers in this study are not spherical in shape or composed of single particulates. The EMT model can predict the K of the composites well up to 0.3 V f ceramics, above which the model failed due to the low relative density of the composites (Fig. 3(b) ). Therefore, the effective K values of the composites with 0.5 V f ceramics were modified by the theoretical models to reflect the effect of pores, as shown in Fig. 6 . The K values of the Maxwell-Garnett, Lichtenecker, Bruggeman, Jayasundere-Smith, and Poon-Shin models, modified to reflect the effect of pores, were lower than those predicted by the original models ( Fig. 6(a) ). The experimental K values of the composites with 0.5 V f MTa and/or mixed 0.375 V f MTa and 0.125 V f MTi agreed well with those predicted by the Poon-Shin and/or Lichteneker models, respectively. However, none of the models were suitable for predicting the K of composites with higher MTi content, because none of the models can consider the shape and size of the filler and the interfacial interactions between the filler and the polymer matrix. The effective K values predicted by the EMT method were in good agreement with the experimental values of the mixed composites (with MTa and MTi) (Fig. 6(b) ), because the EMT method includes the concept of a random unit cell and a fitting parameter of n. 10) A small value of n indicates filler particles with near-spherical shape, while a high value of n indicates largely non-spherically shaped particles.
14) The morphology factor n is not a directly measurable parameter, and requires empirical determination.
14)
Regardless of pores, the EMT model can be applied for prediction of effective K of composites by controlling the n value, as shown in Table 1 . The n value of the MTa / PTFE composites was smaller than that of the MTi / PTFE composites, which results are in good agreement with SEM observations (Fig. 2) . With increasing MTi content, the n values of the mixed composites increased. For the mixed composites with same quantity of ceramics, the n value of the original EMT model was higher than that of the EMT model modified by pores. These results indicate that the effects of ceramic filler shape on K of the composites can be changed by the presence of pores. Fig. 7 shows the quality factor (Qf) of MTa and/or MTi / PTFE composites with various V f ceramics. With increasing ceramic content, the Qf value of the MTa / PTFE composites increased up to 0.3 V f , and then decreased markedly. However, the MTi / PTFE composites showed similar Qf values according to ceramic content. For the composites mixed with MTa and MTi, the Qf values of the composites with 0.1 V f and/or 0.3 V f ceramics decreased, while those of the composites with 0.5 V f ceramics increased with increasing MTi content. These results can be attributed to the relative density of the composites (Fig. 3(b) ).
Another important factor for practical applications is the temperature coefficient of the resonant frequency (TCF), which determines the thermal stability of the composites and devices. As can be seen in Fig. 8 , the TCF of the MTa / PTFE composites increased; that of the MTi / PTFE composites decreased with increasing ceramic content. The MTa / PTFE composites showed TCF higher than that of the MTi / PTFE composites at a given ceramic content. For the mixed MTa and MTi / PTFE composites with the same quantity of ceramics, the TCF decreased with increasing MTi content. These results are due to the TCF of the individual components (MTa = 30 ppm/°C, PTFE = 3.82 ppm/°C, MTi = -50 ppm/°C). Resonant frequency showed good thermal stability (near zero TCF) for the mixed composites with 0.1 V f (0.025MTa and 0.075MTi), 0.3 V f (0.075MTa and 0.225MTi), and 0.5 V f (0.125MTa and 0.375MTi) of ceramics.
Conclusions
For the composites of polytetrafluoroethylene (PTFE) with MgTa 2 O 6 (MTa) and/or MgTiO 3 (MTi), a wide range of microwave dielectric properties can be obtained by using ceramics of different types and volume fractions (V f ). With increasing ceramic content, the dielectric constant (K) of the composites increased due to the apparent density. The K and temperature coefficient of the resonant frequency (TCF) of the MTa / PTFE composites were higher than those of the MTi / PTFE composites at the same quantity of ceramics. For the composites mixed with MTa and MTi, the quality factor (Qf) of the composites with 0.1-0.3 V f ceramics decreased, while that of the composites with 0.5 V f ceramics increased with MTi content. These results can be attributed to the relative density of the composites. The experimental K values of the composites were in good agreement with those predicted by the EMT model. Good thermal stability of resonant frequency (near zero TCF) was obtained for composites mixed with MTa and MTi at a given ceramic content.
